
Methods 
Data Collection 

Water samples were collected weekly from May to October  

2011 at sites MDN and MDT (fig. 1) and analyzed for total  

nitrogen, total phosphorus, and chlorophyll a. Samples  

were also collected at three-hour intervals over 24 hours  

twice during moderate-to-heavy booms on July 13-14 and  

on August 18-19, 2011, at the deepest part of the lake,  

MDT, to describe the diel bloom cycle and dissolved  

nutrient concentrations. Sondes (YSI, Inc.) deployed at  

sites MDN and MDT recorded pH, specific conductance,  

temperature, and dissolved oxygen saturation hourly at  

two depths, 1 m from the surface and 1 m from the bottom.  

An additional sensor in the shallow sonde recorded  

phycocyanin (a photosynthetic pigment specific to  

cyanobacteria) fluorescence hourly. Phycocyanin depth  

profiles were also completed weekly during water sample  

collection.  

 

Regression Models 

Regression models for each dependent variable were  

developed separately from data collected at each site  

using the step function in the stats package of R version  

2.12.1, which adds terms to and removes terms from the  

generalized linear model of the regression in a systematic  

fashion and chooses the best model based on a  

minimization of the Akaike Information Criterion. The  

starting set of independent data for each model included  

pH, temperature, dissolved oxygen saturation, discrete-depth  

phycocyanin fluorescence (at 1 m), and sin and cos functions of the Julian day. Models were developed by considering the 

independent data as a set of 1) instantaneous values on the hour closest to the sample collection time, 2) median values of a 6-hour 

window surrounding the sample collection time, and 3) daily median values on each sample date. The data set (instantaneous, 6-hour 

medians, or daily medians) that resulted in the best model was retained, and the explanatory variables were further scrutinized for 

muti-collinearity by examining variance inflation factors and the correlation matrix. Parsimony was achieved by dropping any 

explanatory variables retained by the step function that were not significant at p<0.05 and for which the variance inflation factor was 

greater than five. Regression variables were also visually inspected for serial autocorrelation. One variable was removed from the 

model when correlation coefficients between two explanatory variables exceeded 0.5 (absolute value). Regression models were 

constructed using provisional data (do not cite). 
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Introduction and Purpose 
Poor water quality in Upper Klamath Lake, a large (surface area 232 km2), shallow (average depth 2.8 m), hypereutrophic water 

body in south-central Oregon, results from the growth and decomposition of seasonal blooms of dominantly Aphanizomenon flos-

aquae (AFA) and contributes to the decline of endangered, Lost River (Deltistes luxatus) and shortnose (Chasmistes brevirostris) 

suckers (Perkins et al., 2000; Banish et al., 2009).  

Recent studies have demonstrated the use of empirically derived regression equations to estimate water-quality constituents based 

on continuously measured physical and chemical data (Christensen, Jian, and Ziegler, 2000; Ryberg, 2006; Wood and Gartner, 

2010). This “surrogate” approach has been used in rivers to estimate the concentration and, with stream gage data, the load 

(concentration multiplied by discharge) of water-quality constituents that cannot be measured continuously. In lakes, transport is 

not uni-directional, so the load of a constituent is not meaningful, but the quantity of interest is often the storage, or whole-lake 

integrated mass of a constituent. In Upper Klamath Lake, the storage of biomass and nutrients is used for calculating lake mass 

balances (Kann and Walker, 2001) and for calibrating and validating models to establish total maximum daily loads (Walker, 

2001). Storage has previously been calculated from water-quality profiles collected at twice-monthly or monthly intervals (Kann 

and Walker, 2001). 

The purpose of this study is to use continuously measured data from multi-parameter water-quality monitors (sondes) to calculate 

daily depth-averaged measures of biomass at two sites as a first step in demonstrating the feasibility of calculating whole-lake 

storage using the same technique at additional sites. The dependent variables were total phosphorus and chlorophyll a 

concentrations measured from depth-averaged  

water samples collected weekly and cyanobacteria cells,  

quantified as relative fluorescent units (IRFU) per square  

meter and determined from a numerical integration of  

weekly phycocyanin depth profiles. 
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Conclusions 
• Adjusted R2 values and comparison of estimated values to measured values show that in-situ continuous sonde data can 

be used to estimate depth integrated cell density, depth-averaged chlorophyll a concentration, and depth-averaged total 

phosphorus concentration 

• The estimated time series of biomass measurements based on in-situ monitor data show variability on time scales of one 

to five days that can’t be captured with analysis of weekly samples and, therefore provide a cost effective way obtaining 

more time-dense information 

• Field measurements of chlorophyll a and integrated phycocyanin fluorescence per square meter have high diel 

variability, however, samples collected at other time s of the day were, for the most part, within a 90 percent confidence 

interval around the estimated values based on a model developed with samples typically collected mid-morning 

• Phycocyanin fluorescence data may be limited for use as a cyanobacteria biomass surrogate, but the use of these sensors 

may be the first step toward surrogate development.  

• Improvements to the models used here include:  

• More years of data to test for model robustness 

• Stratification (differences in pH, temperature, and oxygen saturation between deep and shallow depths) is used as an 

independent variable  

Figure 3. Time series of regression estimated cell density values, chlorophyll a, total phosphorus, 

compared to measured values, and 90 percent confidence intervals for MDN (A) and MDT (B).  

Regression Estimated vs. Measured Values Season Reconstruction Using Regression Estimated Values 

Figure 2. Regression estimated values compared to measured values for depth-integrated cyanobacteria cell density, depth-averaged 

chlorophyll a concentration, and depth-averaged total phosphorus concentration for MDT( A, B, and C) and MDN (D, E, and F). 

(A) MDT Regression Estimated vs.  

Measured Integrated RFU 
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Measured Integrated Relative Fluorescence Units (IRFU) at  

MDT, In LOG10 IRFU Per Square Meter 

Log10IRFU = -0.700sin(2 π(D/365)) - 0.486cos(2 π(D/365)) +  

0.447pHl,d + 3.36 
 Where:   pHl,d is the daily median for pH from the lower sonde at  

  MDT, and D is the Julian date 

Adjusted R2 = 0.93 

RMSE = 0.138 

(D) MDN Regression Estimated vs.  

Measured Integrated RFU 
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Measured Integrated Relative Fluorescence Units (IRFU) at  

MDN, In LOG IRFU Per Square Meter 

Log10IRFU = -0.317sin(2 π(D/365)) - 0.204cos(2 π(D/365)) +  

  0.043RFUu,d + 0.340pHl,d + 3.69 
Where: RFUu,d is the daily median for RFU from the upper sonde at MDN,  

 pHl,d is the daily median for pH fromthe lower sonde at MDN, and D is  

 the Julian date 

Adjusted R2 = 0.89 

RMSE = 0.138 

Water-quality monitor after one week deployment 

Cyanobacteria bloom, Upper Klamath Lake, OR 

Optical Phycocyanin Sensor 
Optical Dissolved Oxygen Sensor 

Temperature/Specific  

Conductance Sensor 

pH Sensor 

(E) MDN Regression Estimated vs. Measured  

Chlorophyll a Concentration 
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Measured Chlorophyll a Concentration , In  

LOG10 Micrograms Per Liter 

Log10 Chlorophyll a = -0.711sin(2 π(D/365)) - 0.625cos(2π(D/365)) +  

0.400pHl,6 - 2.66 
Where:   pHl,6 is the six-hour median for pH from the lower 

 sonde at MDN, and D is the Julian date 

Adjusted R2 = 0.91 

RMSE = 0.147 

(B) MDT Regression Estimated vs. Measured  

Chlorophyll a Concentration 
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Measured Chlorophyll a Concentration , In  

LOG10 Micrograms Per Liter 

Log10 Chlorophyll a = -0.419sin(2 π(D/365)) + 0.024RFUu,d +  

0.396 pHl,d - 2.10  
 Where:   RFUu,d is the daily median for RFU from the upper sonde at MDT, 

  pHl,d is the daily median for pH from the lower sonde at MDT, and 

  D is the Julian date 

Adjusted R2 = 0.94 

RMSE = 0.154 
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(C) MDT Regression Estimated vs. Measured  

Total Phosphorus Concentration 

Measured Total Phosphorus Concentration, In  

LOG10 Micrograms Per Liter 

Log10TP = 0.450cos(2 π(D/365)) + 0.034TU,6 – 0.006SatU,6 + 0.018 
Where:   TU,6 is the six-hour median for temperature from  

 the upper sonde at MDT, SatU,6 is the six-hour median for  

 oxygen saturation from the upper sonde at MDT, and D is the  

 Julian date 

Adjusted R2 = 0.84 

RMSE = 0.139 

(F) MDN Regression Estimated vs. Measured  

Total Phosphorus Concentration 
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Measured Total Phosphorus Concentration, In  

LOG10 Micrograms Per Liter 

Log10TP = 0.344cos(2 π(D/365)) + 0.0.311pHl,d + 0.131Satl,d + 0.240 
Where: pHl,d is the daily median for pH from the upper sonde at MDN, 

 Satl,d is the daily median for dissolved oxygen saturation from the 

 lower sonde at MDN, and D is the Julian date 

Adjusted R2 = 0.79 

RMSE = 0.142 

Date Date 

(A) MDN (B) MDT 

Results 
Regression models used to estimate  integrated phycocyanin fluorescence and depth-averaged concentrations of chlorophyll a and total phosphorus explained their variability relatively well, in that adjusted R2 values ranged between 0.94 and 0.79 

(fig. 2). Models based on site MDT data had slightly higher adjusted R2 values than those base on data from MDN. Models of depth-integrated fluorescence had adjusted R2 values of 0.93 and 0.89 for MDT and MDN, respectively, and  models of 

depth-averaged chlorophyll a concentration had adjusted R2 values of 0.94 and 0.91 respectively. Adjusted R2 values of total phosphorus models were lower at 0.84 and 0.79 for MDT and MDN respectively. The regression model for total phosphorus 

at MDN in particular, is not satisfactory because there is evidence of serial autocorrelation in the residuals (fig. 3A). All models included pH and/or dissolved oxygen saturation as independent variables, which are closely related to bloom growth, and 

sin and/or cos terms, which provided a temporal cycle. Only one of the two integrated phycocyanin fluorescence models included the discrete-depth fluorescence data (fig. 2D).  

Time series shown at a daily step of estimated integrated phycocyanin fluorescence, chlorophyll a concentration, and total phosphorus concentration (fig. 3) show two distinct bloom periods in 2011 and short-term variability that was not captured by 

weekly sampling. Samples for integrated phycocyanin fluorescence and depth-averaged chlorophyll a concentration collected over the 24-hr intervals at MDT fell largely within the 90 percent confidence intervals, indicating that, although the models 

were based on samples collected weekly between approximately 9:30AM and 10:30AM at MDN and between 11:30PM and 12:30PM at MDT, they have some predictive power for environmental conditions other times of the day. 

Figure 1. Location of water-quality monitoring sites in Upper Klamath 

Lake, OR. 2011 

Not to scale 

For more information please visit 

http://or.water.usgs.gov/klamath/ 

http://www.deq.state.or.us/wq/TMDLs/docs/klamathbasin/ukldrainage/devphostmdl.pdf
http://www.deq.state.or.us/wq/TMDLs/docs/klamathbasin/ukldrainage/devphostmdl.pdf

